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ABSTRACT
Due to the nature depending on only the gravitational field, microlensing, in principle, provides an important
tool to detect faint and even dark brown dwarfs. However, the number of identified brown dwarfs is limited
due to the difficulty of the lens mass measurement that is needed to check the substellar nature of the lensing
object. In this work, we report a microlensing brown dwarf discovered from the analysis of the gravitational
binary-lens event OGLE-2014-BLG-1112. We identify the brown-dwarf nature of the lens companion by
measuring the lens mass from the detections of both microlens-parallax and finite-source effects. We find that
the companion has a mass of (3.03± 0.78)× 10−2 M⊙ and it is orbiting a solar-type primary star with a mass
of 1.07±0.28 M⊙. The estimated projected separation between the lens components is 9.63±1.33 au and the
distance to the lens is 4.84± 0.67 kpc. We discuss the usefulness of space-based microlensing observations in
detecting brown dwarfs through the channel of binary-lens events.
Subject headings: gravitational lensing: micro – binaries: general – brown dwarfs
1. INTRODUCTION
Considering that brown dwarfs are formed through a sim-
ilar process to that of stars (Whitworth et al. 2007), it is sus-
pected that the Galaxy would be teeming with brown dwarfs.
Since microlensing phenomenon occurs due to the gravita-
tional field regardless of the brightness of lensing objects, it
provides an important tool to detect brown dwarfs, especially
very faint and dark ones. Current microlensing surveys detect
approximately 2000 lensing events each year and an impor-
tant fraction of them might occur due to brown dwarfs.
However, the number of actually identified microlensing
brown dwarfs is limited. Firm identification of a brown dwarf
requires to measure the lens mass in order to check that the
lens is a substellar object below the hydrogen-burning limit.
For general lensing events, the only measurable quantity re-
lated to the mass of the lens is the Einstein time scale tE.
However, the event time scale results from the combination of
not only the lens mass but also the relative lens-source trans-
verse speed and the distance to the lens. As a result, it is
difficult to uniquely determine the lens mass based on only
tE and this makes it difficult to identify the brown-dwarf na-
ture of lens objects for general lensing events. For the unique
determination of the lens mass, one needs to additionallymea-
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sure the angular Einstein radius θE and the microlens parallax
piE, which are related to the lens mass by the relation (Gould
2000)
M =
θE
κpiE
, (1)
where κ = 4G/(c2au). One can measure the angular Einstein
radius when a lensing event experiences finite-source effects.
The microlens parallax can be measured by detecting subtle
modulations in the lensing light curve produced by the change
of the observer’s position caused by the orbital motion of the
Earth around the Sun. For general lensing events, unfortu-
nately, the chance to measure both θE and piE is very low.
Although low for general lensing events, the chance to iden-
tify a brown-dwarf lens is relatively high when events are
produced by lenses composed of two masses. There are two
major reasons for this. First, analysis of a binary-lens event
yields an additional information of the companion/primary
mass ratio q in addition to the time-scale information of a
single-mass event. Considering that lenses of typical galactic
microlensing events are low-mass stars, companions of binary
lenses with q < 0.1 are likely to be brown dwarf (Shin et al.
2012). Second, the chance to identify the brown-dwarf nature
of the lens components by measuring both θE and piE is rel-
atively high for a population of binary-lens events with long
time scales. Most of binary-lens events are identified from
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characteristic features involved with caustics, which represent
the positions on the source plane at which the lensing magni-
fication of a point source becomes infinite. Due to the high
magnification gradient around caustics, the light curve of a
lensing event during the passage over or approach close to
the caustics results in deviations caused by finite-source ef-
fects, enabling one to measure θE. Furthermore, time scales
of binary-lens events tend to be longer than those of single-
lens events and thus the chance to measure piE is also higher.
Due to these reasons, 14 out of the total 16 microlensing
brown dwarfs were detected through the channel of binary-
lens events. See the list of microlensing brown dwarfs pre-
sented in Han et al. (2016).
Although useful, detecting brown dwarfs through the
binary-lens event channel is still a difficult task. Similar to
planets, brown dwarfs induce caustic-involved signals in lens-
ing light curves. Since planet-induced caustics are usually
very small, planetary lensing signals in most cases appear
as characteristic short-term perturbations to the smooth and
symmetric form of the light curve produced by the host of
the planet (Mao & Paczyn´ski 1991; Gould 1992a), making it
easy to identify the planetary nature of the signal. On the other
hand, the size of the caustic induced by a brown-dwarf com-
panion can be considerable and thus brown-dwarf signals, in
most cases, cannot be treated as perturbations.3 As a result, it
is difficult to distinguish brown-dwarf binary-lens events from
those produced by binaries with roughly equal masses (Gaudi
2003). This implies that finding brown-dwarf events requires
detailed analyses of numerous binary-lens events which com-
prise ∼ 10% of all events that are being detected with a rate
of ∼ 2000 yr−1. Due to the diversity and complexity of light
curves that are described by many parameters, modeling light
curves of binary-lens events requires a complex procedure of
analysis. Furthermore, describing caustic-involved features in
binary-lens light curves requires a numerical approach which
demands considerable computing power. As a result, the dif-
ficulty in analyzing binary-lens events poses an important ob-
stacle in finding brown dwarfs via microlensing.
In this paper, we report the microlensing discovery of a bi-
nary system that is composed of a brown dwarf and a solar
type star. The low-mass ratio between the lens components
was found from the analyses of anomalous events detected
in 2014 microlensing season. The angular Einstein radius is
measured thanks to the good coverage of the caustic-approach
region. The long time scale of the event combined with ex-
tended baseline data enable us to securely measure the mi-
crolens parallax. By measuring both θE and piE, we uniquely
determine the lens mass and identify the brown-dwarf nature
of the companion.
The paper is organized as follows. In Section 2, we de-
scribe observations of the microlensing event analyzed in this
work and the data obtained from the observations. In Sec-
tion 3, we explain the detailed analysis procedure to interpret
the observed data and present the best-fit model of the lensing
event. In Section 4, we present the physical parameters of the
lens including the mass and distance. In Section 5, we discuss
the usefulness of space-based lensing observations in detect-
ing microlensing brown dwarfs. We summarize the result and
3 We note that perturbations of light curves by binary lenses depend not
only on size of the caustic but also on the path and size of source. Depending
on the source trajectory with respect to the caustic and the size of the source
star, the deviation caused by a low-mass binary companion can appear as
deviation of entire light curves (Ingrosso et al. 2009, 2011).
FIG. 1.— Light curve of the microlensing event OGLE-2014-BLG-1112.
In the top panel, the solid curve superposed on the data points represents the
best-fit binary-lens model, while the dotted curve is the finite-source point-
lens (FSPL) model. The middle and bottom panels show the residual from
the FSPL and binary-lens models, respectively.
conclude in Section 6.
2. DATA
The brown dwarf was discovered from the analysis of the
microlensing event OGLE-2014-BLG-1112. The event oc-
curred on a star that is located toward the Galactic bulge field.
The equatorial coordinates of the lensed star (source) are
(RA,DEC)J2000 = (18h08m36s.31,−28◦39′56.9′′), which cor-
respond to the Galactic coordinates (l,b) = (2.76◦,−4.22◦).
The lensing event was found by the Early Warning Sys-
tem of the Optical Gravitational Lensing Experiment (OGLE:
Udalski et al. 2015) that has conducted a microlensing sur-
vey since 1992 using the 1.3m telescope at Las Campanas
Observatory in Chile. The event was also in the footprint of
the Microlensing Observations in Astrophysics (MOA) sur-
veywhere the event was dubbed asMOA-2014-BLG-368. We
also note that there exist data taken by follow-up observations.
However, we do not use the MOA and follow-up data other
than those taken from the Salerno University Observatory be-
cause (1) the coverage by the OGLE data is dense enough
and (2) the photometry quality of the MOA and follow-up
data is not adequately good enough to measure subtle higher-
order effects. We use the Salerno data because they cover the
peak region of the light curve. To be noted is that the lensing-
induced brightening of the source star started before the 2014
bulge season, lasted throughout the season, and continued af-
ter the season.
Figure 1 shows the light curve of the lensing event. At first
sight, the light curve appears to be that of a point-source point-
lens (PSPL) event with a smooth and symmetric shape. The
light curve of a PSPL event is described by
F = AFs + Fb; A =
u2 +2
u
√
u2 +4
, (2)
where u = {[(t − t0)/tE]2 + u20}1/2 represents the lens-source
separation normalized to the angular Einstein radius θE, u0
is the separation at the moment of the closest lens-source ap-
proach t0, tE is the Einstein time scale, and Fs and Fb represent
the fluxes from the source and blended light, respectively. A
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TABLE 1
ERRORBAR CORRECTION FACTORS
Data set Ndata k σmin
OGLE (I) 1557 1.534 0.002
OGLE (V ) 101 0.955 0.010
Salerno (I) 60 1.23 0.010
close look at the light curve, however, shows a smooth devia-
tion from the PSPL model as shown in the residual presented
in the middle panel of Figure 1. We note that the deviation
persisted throughout the event.
In our analysis, we use data acquired from 6-year OGLE
observations conducted during 2010 – 2015 seasons plus the
Salerno data obtained from follow-up observations near the
peak of the event. We include OGLE data taken before (2010
to 2013 seasons) and after the lensing magnification (2015
season) for the secure measurement of the baseline flux. The
OGLE data are composed of two sets taken in I and V bands.
The I-band data set is composed of 1557 data points. The
V -band data, which is composed of 101 data points, are used
mainly to constrain the source star. Photometry of the OGLE
data was conducted using the OGLE pipeline (Udalski 2003)
that is customized based on the Difference Imaging Analysis
(Alard & Lupton 1998; Woz´niak 2000). The Salerno data are
reduced by a PSF-fitting pipeline developed locally.
Error bars estimated by the pipeline, σ0, are readjusted fol-
lowing the usual procedure described in Yee et al. (2012), i.e.
σ = k(σ20 +σ
2
min)
1/2, (3)
where the factor σmin is used to make the error bars to be con-
sistent with the scatter of data and the other factor k is used to
make χ2/dof = 1. In Table 1, we list the error-bar correction
factors k and σmin along with the number of data points, Ndata.
3. ANALYSIS
Knowing the deviation of the light curve from the PSPL
form, we test various interpretations of the deviation. For
this, we consider effects that are known to cause deviations
in lensing light curves.
We start with models under the assumption that the lens
is a single mass. We first check finite-source effects (FSPL
model) which occur when the source passes over or ap-
proaches very close to the lens. From FSPL modeling, it
is found that the deviation cannot be attributed to the finite-
source effect because the deviation lasted & 120 days, while
the effect of the finite source is confined to a short time range.
We, therefore, check two known causes of long-term devia-
tions. The first one is the microlens parallax effect. Light
curve deviation by the parallax effect is caused by the devi-
ation of the relative lens-source motion from rectilinear due
to the orbital motion of the Earth around the sun (Gould
1992). In addition to the single-lensing parameters, i.e. t0,
u0, and tE, consideration of the parallax effect requires to in-
clude two additional parameters piE,N and piE,E , which denote
the north and east components of the microlens parallax vec-
tor piE projected on the sky in the north and east equatorial
coordinates, respectively. We also check the possibility that
the source is composed two stars: ‘binary-source point-lens’
(BSPL) model (Griest & Hu 1992). Considering the source
binarity requires to include 3 additional parameters t0,2, u0,2,
and q f = Fs2/Fs1, which represent the time and impact pa-
rameter of the closest lens approach to the source compan-
ion, and the flux ratio between the source stars, respectively
FIG. 2.— ∆χ2 distribution in the s-q parameter space obtained from the
preliminary grid search for lensing solutions. Color coding denotes points
in the MCMC chain with 1nσ (red), 2nσ (yellow), 3nσ (green), 4nσ (cyan),
5nσ (blue), and 6nσ (purple), where n = 15.
(Han & Jeong 1998). We find that neither of these interpreta-
tions provides a model that can explain the deviation.
We then check the possibility of the lens binarity. Under
the assumption of a rectilinear relative lens-source motion,
the lensing light curve of a binary-lens event is described by
7 principal parameters. Three of these parameters are same
as those of a single-lens event, i.e. t0, u0, and tE. Two other
parameters are needed to describe the binary lens, including
the projected separation, s, and the mass ratio, q, between the
lens components. The separation is normalized to θE. The
source trajectory angle, α, which is defined as the angle be-
tween the source trajectory and the binary lens axis, is needed
to specify the source trajectory with respect to the lens. Fi-
nally, the normalized source radius ρ, which is defined as the
ratio of the angular source radius θ∗ to the angular Einstein
radius, i.e. ρ = θ∗/θE, is needed to describe the deviation in
the caustic-crossing part of the lensing light curve caused by
finite-source effects. For a single lens, the reference position
on the lens plane is that of the lens itself, but for a binary
lens, for which there exist two lens components, one needs to
define a reference position. We use the barycenter of the bi-
nary lens as a reference position. Although not apparent, the
light curve may be associated with caustics, during which the
light curve was affected by finite-source effects. We compute
finite-source magnifications using the numerical ray-shooting
method. In this process, we consider the limb-darkening vari-
ation of the source star surface with the model of the surface
brightness profile S∝ 1−Γ(1−3cosφ/2), whereΓ is the limb-
darkening coefficient and φ is the angle between the line of
sight toward the source center and the normal to the source
surface. The adopted limb-darkening coefficients, ΓI = 0.53
and ΓV = 0.73 for the I and V band data sets, respectively,
are chosen from Claret (2000) considering the source type
that is determined based on the de-reddened color (V − I)0
and brightness I0. See Section 4 for the detailed procedure
of (V − I)0 and I0 determinations.
Due to the multiplicity of the lensing parameters and the re-
sulting diversity of light curves, it is known that light curves
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TABLE 2
COMPARISON OF MODELS
Model χ2
PSPL (Parallax) 4371.2
FSPL (Parallax) 4283.5
BSPL (Parallax) 3729.8
Binary (Standard) 1771.8
- (Parallax, u0 < 0) 1565.5
- (Parallax, u0 > 0) 1563.3
- (Orbit) 1535.4
- (Orbit+parallax, u0 < 0) 1532.5
- (Orbit+parallax, u0 > 0) 1533.1
of binary-lensing events are subject to various types of de-
generacy where different combinations of the lensing param-
eters result in similar lensing light curves. In the prelim-
inary search, therefore, we conduct a grid search for lens-
ing solutions not only to find the lensing solution but also to
check the existence of degenerate solutions. The grid search
is conducted in the space of (s, q, α) parameters for which
lensing magnifications vary sensitively to the small changes
of these parameters. The ranges of s and q parameters are
−1 < logs < 1 and −4 < logq < 2, respectively. The magni-
fication variation to the changes of the other lensing param-
eters is smooth and thus we search for these parameters by
minimizing χ2 using a downhill approach. For the downhill
approach, we use the Markov Chain Monte Carlo (MCMC)
method.
From the preliminary grid search, we find a unique solution
of lensing parameters describing most part of the observed
light curve. Figure 2 shows the location of the solution on the
∆χ2 distribution in the s-q parameter space obtained from the
preliminary grid search. The estimated values of the binary
separation and mass ratio are s∼ 2.4 and q∼ 40, respectively.
The value of s indicates that the projected separation between
the lens components is ∼ 2.4 times greater than the angular
Einstein radius. The fact that the mass ratio is greater than
unity indicates that the source approached closer to the lower-
mass lens component. The largemass ratio of q∼ 40 indicates
that the companion is a low-mass object.
Since the event lasted throughout the whole bulge season,
the light curve of the event might be affected by long-term
higher-order effects, such as the effects of the Earth’s orbital
motion and the orbital motion of the lens itself (Albrow et al.
2000; Shin et al. 2012; Park et al. 2013). We, therefore, con-
duct additional modeling considering these higher-order ef-
fects. In the ‘parallax’ and ‘orbit’ models, we separately
consider the parallax effect and the lens-orbital motion, re-
spectively. In the ‘orbit+parallax’ model, we simultaneously
consider both higher-order effects. The parameters describ-
ing the parallax effect, piE,N and piE,E , are same as those de-
fined for single-lens events. To the first order approxima-
tion, the lens-orbital effect is described by two parameters of
ds/dt and dα/dt, which represent the change rates of the bi-
nary separation and the source trajectory angle, respectively.
When the parallax effect is considered, we check the degen-
eracy in the parallax parameters between the pair of models
with u0 < 0 and u0 > 0. This so-called ‘ecliptic degener-
acy’ is caused by the mirror symmetry of the source trajectory
with respect to the binary axis (Skowron et al. 2011). The pa-
rameters of the two degenerate solutions are in the relation
(u0,α,piE,N)↔ −(u0,α,piE,N).
In Table 2, we compare the goodness of fits of the tested
FIG. 3.— Cumulative ∆χ2 distributions of the models with higher-order
effects with respect to the model without considering the higher-order effects.
The event light curve in the upper panel is presented to show the region of χ2
improvement.
FIG. 4.— ∆χ2 Distributions of higher-order lensing parameters: piE,N ,
piE,E , ds/dt, and dα/dt. Color coding denotes points in the MCMC chain
with 1σ (red), 2σ (yellow), 3σ (green), 4σ (cyan), and 5σ (blue) of the best-
fit value. We note that the distributions are for £orbit+parallax£ model with
u0 < 0.
models. For comparison, we also present the χ2 values of
the PSPL, FSPL, and BSPL models. From the comparison,
we find that χ2 difference between the single-mass (PSPL,
FSPL, and BSPL) and the binary-lens models is∆χ2 > 2000,
indicating that the event was produced by a binary object.
From the comparison of χ2 values of the individual binary-
lens models, we find that the separate considerations of the
parallax and lens-orbital effects improve the fit by ∼ 208 and
236, respectively, with respect to the model based on the prin-
cipal binary-lensing parameters (‘standard model’). We also
find that simultaneous consideration of both higher-order ef-
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TABLE 3
BEST-FIT LENSING PARAMETERS
Parameters u0 > 0 u0 < 0
t0 (HJD’) 6892.200 ± 0.994 6890.985 ± 0.174
u0 -1.848 ± 0.011 1.861 ± 0.001
tE (days) 107.44 ± 1.10 106.37 ± 0.85
s 2.43± 0.01 2.42 ± 0.01
q 35.37 ± 1.56 47.38 ± 3.35
α (rad) 1.404 ± 0.008 -1.411 ± 0.001
ρ (10−3) 1.14± 0.03 1.01 ± 0.04
piE,N 0.02± 0.01 -0.01 ± 0.01
piE,E -0.09 ± 0.01 -0.08 ± 0.01
ds/dt (yr−1) -0.25 ± 0.03 -0.29 ± 0.03
dα/dt (yr−1) 0.22± 0.02 -0.40 ± 0.05
(Fs/Fb)OGLE,I 13.49/0.26 13.69/ 0.06
NOTE. — HJD′ = HJD−2450000.
fects improves the fit by ∼ 239. Although the χ2 difference
between the ‘orbit’ and ‘orbit+parallax’ models is minor, i.e.
∼ 3, it is found that the microlens-parallax parameters with
and without considering the lens-orbital effects are slightly
different and thus we judge that both higher-order effects are
important for the precise description of the observed lensing
light curve. In Figure 3, we present the cumulative distribu-
tion of ∆χ2 of the models considering higher-order effects
with respect to the model without considering the higher-
order effects. As expected from the long-term microlens-
parallax and lens-orbital effects, the improvement of the fit
occurs throughout the event. In Figure 4, we present the dis-
tributions of ∆χ2 in the parameter space of the higher-order
lensing parameters. We note that although the measured mi-
crolens parallax value piN = (pi2E,N +pi
2
E,E )
1/2 = 0.092 is small,
it is measured with a significant confidence level.
In Table 3, we present the lensing parameters of the best-
fit model, i.e. ‘orbit+parallax’ binary-lens model. Since the
ecliptic degeneracy is very severe (with ∆χ2 = 0.6), we
present both the u0 < 0 and u0 > 0 solutions. In Figure 5,
we also present the lens-system geometry which shows the
source trajectory (curvewith an arrow)with respect to the lens
components (marked by blue dots) and the caustic (red cuspy
closed curves). We note that the upper and lower panels cor-
respond to the u0 < 0 and u0 > 0 solutions, respectively. It is
found that the lens is a wide binary for which two sets of caus-
tics form near the individual lens components. The event was
produced by the source trajectory which passed the tip of the
caustic located close to the lower-mass lens component, M2.
Since the source trajectory almost vertically passed the binary
axis (α ∼ 80◦), the light curve appears to be symmetric with
respect to the peak that corresponds to the time of the caus-
tic crossing. In Figure 1, we present the best-fit model light
curve, i.e. ‘orbit+parallax’ model with u0 < 0, superposed on
the data points. In the bottom panel, we also present the resid-
ual of the model. One finds that the residual from the FSPL
model has gone with the introduction of the lens binarity.
We note that finite-source effects are clearly detected, al-
though there exists no prominent spike caustic-crossing fea-
tures that commonly appear in binary-lens light curves. This
can be seen in the peak region of the light curve presented
in Figure 6, where we plot two model light curves with a
point (dotted curve) and a finite source (solid curve). The
measured values of the normalized source radius are ρ =
(1.14± 0.03)× 10−2 and (1.01± 0.03)× 10−2 for the u0 < 0
and u0 > 0 solutions, respectively. In the inset of Figure 5,
FIG. 5.— Geometry of the lens system. The curve with an arrow is the
source trajectory and the blue dots represent the locations of the binary lens
components, where M1 and M2 denote the heavier and lighter mass com-
ponents. The cuspy close curve represent the caustic. The inset shows the
enlarged view of the caustic that is located closer to the lower-mass lens
component. All length are normalized to the angular Einstein ring radius
corresponding to the total mass of the binary lens and the coordinates are
centered at the barycenter of the binary lens.
FIG. 6.— Peak region of the light curve. Dotted and solid curves represent
the model light curves with a solid and a finite source, respectively.
we mark the source near the caustic as a circle where the
size of the circle is scaled to the caustic size. It shows that
the source crossed the tip of the caustic. We note that finite-
source effects could also have been detected through specific
features of polarization curves if a polarization observation of
the event were conducted (Ingrosso et al. 2012, 2014).
4. PHYSICAL PARAMETERS
While the subtle modulation of the lensing light curve al-
lows us to measure the microlens parallax piE, detections of
the finite-source effect enables us to measure the angular Ein-
stein radius θE, which is the other ingredient for the lens mass
determination. The angular Einstein radius is related to the
normalized source radius ρ and the angular source radius θ∗
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FIG. 7.— Source location with respect to that of the centroid of giant clump
in the color-magnitude diagram.
TABLE 4
SOURCE PARAMETERS
Quantity u0 < 0 u0 > 0
θ∗ (uas) 9.30 ± 1.35 9.37 ± 1.36
θE (mas) 0.82 ± 0.12 0.93 ± 0.14
µgeo (mas yr−1) 2.78 ± 0.41 3.17 ± 0.48
µhelio (mas yr−1) 2.52 ± 0.38 2.93 ± 0.44
by θE = θ∗/ρ, and thus one needs to estimate θ∗ for the θE
measurement. We estimate angular source radius from the
de-reddened color and brightness following the method of
Yoo et al. (2004) using the centroid of bulge giant clump (GC)
as a standard candle. In this method, the de-reddened color
and magnitude of the source stars are determined by
(V − I, I)0 = (V − I, I)GC +∆(V − I, I), (4)
where (V − I, I)GC = (1.06,14.29) are the color and magni-
tude of the GC centroid (Bensby et al. 2011; Nataf et al. 2013)
and ∆(V − I, I) are offsets of the color and magnitude of the
source star from those of the GC centroid measured in the
instrumental (uncalibrated) color-magnitude diagram. In Fig-
ure 7, we mark the locations of the source and centroid of
GC in the instrumental color-magnitude diagram of stars in
the neighboring region around the source star. We find that
the dereddened color and magnitude of the source star are
(V − I, I)0 = (1.29,13.98), indicating that the source is a K-
type giant. We then estimate the angular source radius by
first converting V − I into V − K using the color-color relation
(Bessell & Brett 1988) and then estimate θ∗ using the rela-
tion between V − K and the surface brightness (Kervella et al.
2004).
In Table 4, we present the estimated angular source radius
and Einstein radius. Also presented are the relative lens-
source proper motion measured in the geocentric and helio-
TABLE 5
PHYSICAL LENS PARAMETERS
Parameter Model
u0 > 0 u0 < 0
M1 (M⊙) 1.07± 0.28 1.40 ± 0.40
M2 (10−2M⊙) 3.03± 0.78 2.95 ± 0.84
DL (kpc) 4.84± 0.67 4.87 ± 0.71
a⊥ (au) 9.63± 1.33 10.90 ± 1.58
(KE/PE)⊥ 0.58 2.00
centric frames. The geocentric proper motion is estimated by
µgeo =
θE
tE
. (5)
The heliocentric proper motion is measured by
µhelio = µgeo + v⊕,⊥
pirel
au
, (6)
where µgeo = [µgeo(piE,N/piE),µgeo(piE,E/piE)], pirel is the rela-
tive lens-source parallax, and v⊕,⊥ is the velocity of the Earth
projected on the sky at t0. We note that direction of µhelio is
same as that of the microlens parallax vector piE.
By measuring both the microlens parallax and the angular
Einstein radius, we can determine the mass of the lens by us-
ing the relation in Equation (1). One can also determine the
distance to the lens by using the relation (Gould 2000)
DL =
au
piEθE +piS
, (7)
where piS = au/DS is the parallax of the source star and DS is
the distance to the source star. In Table 5, we present the de-
termined physical parameters. The masses of the lens compo-
nents are estimated by M1 = M/(1+ q) and M2 = Mq/(1+ q),
where M = M1 + M2. The projected separation between the
lens components is estimated by a⊥ = sDLθE. Also presented
is the projected kinetic to potential energy ratio which is com-
puted by(
KE
PE
)
⊥
=
(r⊥/au)3
8pi2(M/M⊙)
[(
1
s
ds
dt
)2
+
(
dα
dt
)2]
. (8)
In order for the binary lens to be a bound system, the ratio
should satisfy the condition (KE/PE)⊥ ≤ KE/PE≤ 1, where
KE/PE is the intrinsic energy ratio. It is found that the energy
ratio for the u0 > 0 model is greater than unity, indicating that
the solution results in unphysical parameters. This leaves the
u0 < 0 model the only viable solution.
According to the solution, the lens is composed of a solar-
type primary star with a mass of M1 = 1.07± 0.28 M⊙ and
a brown-dwarf companion with a mass of M2 = (3.03±
0.78)× 10−2 M⊙. The companion has a mass less than the
hydrogen-burning limit of ∼ 0.08 M⊙ (Hayashi & Nakano
1963; Nakano 2014). The projected separation between the
lens components is a⊥ = 9.63± 1.33 au. The lens is located
at a distance DL = 4.84± 0.67 kpc.
5. DISCUSSION
Before 2014, nearly all microlens mass measurements were
based on the ‘annual parallax’, which is determined from
the modulation of a lensing light curve caused by the an-
nual orbital motion of the Earth. A microlens parallax
can also be measured by conducting simultaneous obser-
vations of lensing events from a ground-based observatory
OGLE-2016-BLG-1112 7
and from a satellite in solar orbit (Refsdal 1966; Gould
1994). Since 2014, a space-based microlensing campaign
using the Spitzer telescope, which is in solar orbit with a
projected separation toward the bulge of dproj ∼ 1 au, has
been conducted (Calchi Novati et al. 2015). By successfully
measuring microlens parallaxes of various types of lens-
ing events, e.g. Udalski et al. (2015), Street et al. (2016),
Yee et al. (2015), Shvartzvald et al. (2016), Zhu et al. (2015),
Bozza et al. (2016), Han et al. (2016), the campaign demon-
strated that space-based parallaxes can be routinely measured
for general lensing events. In 2016 season, a new microlens-
ing survey has been conducted using the Kepler satellite,
which has projected separations spanning 0.07 au < dproj <
0.81 au over the course of the 2016 season (Henderson et al.
2016). The data collected from the campaign, dubbed K2’s
Campaign 9 (K2C9), are being processed and microlens par-
allaxes of numerous events are expected to be measured. Fur-
thermore, the WFIRST space telescope, which is set to launch
in the mid-2020s, will be able to measure space-based mi-
crolens parallaxes for increased number of lensing events.
Binary events will be important targets for the detections
of brown dwarfs in the current and future space-based lens-
ing observations. For binary-lens events, angular Einstein
radii are routinely measurable and thus additional measure-
ment of space-based microlens parallaxes will enable to mea-
sure lens masses. Furthermore, while the microlens-parallax
measurement for a single-mass event suffers from a well-
known two-fold degeneracy (Gould 1994), the microlens par-
allax of a binary-lens event is, in general, uniquely determined
(Han et al. 2017). Being able to routinely measure masses of
binary lenses, therefore, the number of microlensing brown
dwarfs detected through the channel of binary-lens events is
expected to be greatly increased.
6. CONCLUSION
We reported a microlensing brown dwarf discovered from
the analysis of the gravitational binary-lens event OGLE-
2014-BLG-1112. We identified the brown-dwarf nature of
the lens companion by measuring the lens mass from the de-
tections of both microlens-parallax and finite-source effects.
We found that the companion has a mass of (3.03± 0.78)×
10−3 M⊙ and it is orbiting a solar-type primary star with a
mass of 1.07± 0.28 M⊙. The estimated projected separation
between the lens components was 9.63± 1.33 au and the dis-
tance to the lens was 4.84± 0.67 kpc. We discussed the use-
fulness of space-based microlensing observations in detecting
brown dwarfs through the channel of binary-lens events.
Work by C. Han was supported by the Creative Research
Initiative Program (2009-0081561) of National Research
Foundation of Korea. The OGLE project has received funding
from the National Science Centre, Poland, grant MAESTRO
2014/14/A/ST9/00121 to A. Udalski. OGLE Team thanks
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